Cardiopulmonary exercise testing in congenital heart disease: (contra)indications and interpretation Cardiopulmonary exercise testing (CPET) in paediatric cardiology differs in many aspects from the tests performed in adult cardiology. Children's cardiovascular responses during exercise testing present different characteristics, particularly oxygen uptake, heart rate and blood pressure response, which are essential in interpreting haemodynamic data. Diseases that are associated with myocardial ischaemia are rare in children. The main indications for CPET in children are evaluation of exercise capacity and the identification of exercise-induced arrhythmias. In this article we will review the main indications for CPET in children with congenital heart disease, the contraindications for exercise testing and the indications for terminating an exercise test. Moreover, we will address the interpretation of gas exchange data from CPET in children with congenital heart disease. (Neth Heart J 2009;17:385-92.)
C
hildren with congenital or acquired heart disease often have impairment of their functional capacity. This occurs in the preoperative, postoperative, as well as in the long-term setting and may be the result of the primary cardiac problem, treatment of that problem 1 or hypoactivity leading to detraining. 2 Lunt et al. found that adolescents with congenital heart disease (CHD) were less likely to reach minimum exercise requirements and perform vigorous exercises than were healthy adolescents. 3 Cardiopulmonary exercise testing (CPET) provides objective information about the functional status of heart, lungs and peripheral muscle. This information can be of value in making clinical decisions resulting in a reduced use of hospital facilities, and improved quality of life and functional capacity.
The aim of this article is to review the main indications for CPET in children with CHD, the contraindications for exercise testing and the indications for terminating an exercise test. Moreover, we will address the interpretation of gas-exchange data from CPET in children with CHD.
Contraindications for exercise testing
The risk of CPET in the paediatric population is believed to be low. 5, 6 In adults the risk of 1 myocardial infarction or death per 2500 exercise tests has been reported. 7 Because ischaemic heart disease is rare in children with CHD, the risk in children is lower than in adults. 6 Several absolute and relative contraindications can be distinguished for performing CPET (table 1) .
Before testing, all patients with a CHD must have undergone a complete medical evaluation by a paediatric cardiologist. Several conditions are described in the literature that warrant special consideration including severe aortic/pulmonary stenosis, unrepaired arterial abnormalities, bleeding diatheses, pulmonary hypertension and acute disease processes involving any vital organ. 6 If a test can be highly life-threatening, CPET is strongly discouraged. aerobic capacity of a child with a CHD. This can be used to provide recommendations for physical activity in sports, occupation or rehabilitation. Recommendations for sports participation are available elsewhere. 8 Moreover, a CPET can determine whether a patient's complaints of fatigue have a physical aetiology.
The second indication for exercise testing in CHD is to provide indications for surgery (e.g. pacemaker implantation, valve replacement), therapy (medication or rehabilitation) or additional more invasive/demanding tests (e.g. cardiac CT/MRI, nuclear imaging or heart catheterisation).
Moreover, the stress of the CPET can be used to evaluate the success of interventions such as pacemaker implantation, closure of shunt (normalising in exercise SaO 2 %), or ablation of arrhythmogenic substrates. In addition, CPET can be used to diagnose inherited arrhythmia syndromes (e.g. LQTS and CPVT) or chronotropic incompetence.
The third indication for CPET is to evaluate the adequacy of medication, for instance β-blockers, angiotensin-converting enzyme inhibitors and digoxin in heart failure.
The fourth indication is to assess the risk for future disease complications, for instance complex Premature Ventriculae Contractions (PVCs) during exercise in hypertrophic cardiomyopathy; and the fifth indication for CPET is to instil confidence in children and parents. Parents of children with a CHD are often overprotective of their child, even though the underlying disorder is only small and might not be restrictive for performing physical activities including competitive sports (e.g. children with a small ventricular septum defect or atrial septum defects). It usually provides confidence in their child's ability to perform physical exercise when parents see their child running on a treadmill or cycling on an ergometer with high heart rates till exhaustion without any complications. In adult cardiac patients after myocardial infarction (MI), it has been shown that the confidence of the patient and their spouse can be significantly improved when a CPET is performed three weeks after the MI. 9 Lastly, CPET (as well as field tests, such as the 6-minute walk test 10 ) can be used to show improvement of physical rehabilitation in children with CHD. Furthermore, a fitness assessment including CPET can be helpful in motivating children with CHD to maintain a healthy body weight or to combat overweight/ obesity.
Interpretation of exercise test results
The use of CPET depends on obtaining a maximal exercise effort from the patient, although several important parameters can also be obtained during submaximal exercise (e.g. ventilatory threshold).
Maximal oxygen uptake
Maximal oxygen uptake (VO 2max or VO 2peak ) is widely recognised as the best single indicator of cardiopulmonary function in children and adults.
12 VO 2peak is the highest possible oxygen consumption a patient can attain for a specific type of exercise. 12 The VO 2 plateau theory originates from A.V. Hill and coworkers. 13 This theory proposes that oxygen uptake reaches a finite value during exhaustive aerobic exercise: a point at which, despite further increases in exercise intensity, there is no further increase in oxygen uptake. This levelling-off in oxygen uptake can be graphically defined by an asymptotic curve, thus giving exercise physiologists a clear indication of maximal cardiopulmonary exertion, a plateau in oxygen uptake. 14 However, with up to 50% of children not reaching a levelling-off in oxygen uptake, the use of a plateau in oxygen uptake as a marker of maximal exertion is not supported in children and the term peak oxygen uptake (VO 2peak ) is thought to be more appropriate. 15, 16 Many factors influence VO 2peak . The VO 2peak can be described using the Fick equation 17 in which the oxygen uptake of exercising muscle reflects the product of oxygen delivery by cardiac output and its cellular extraction as indicated by the difference in arterial and venous content:
in which the cardiac output is a product of heart rate (HR) and stroke volume (SV), and the arterial-venous oxygen difference is the difference in oxygen content of arterial (CaO 2 ) and mixed-venous blood (CvO 2 ). Dynamic changes in one of these parameters related to exercise, therefore, might influence the maximal amount of oxygen uptake during exercise.
Measuring aerobic capacity VO 2peak is the reflection of the maximal oxygen flux through the lungs, transported by the circulation to the mitochondria of the exercising muscle. Based on the Fick principle (as described above), VO 2peak is the product of cardiac output and the mixed arterio-venous oxygen difference. 17 Thus VO 2peak is dependent on cardiac function and the ability of the muscles to extract (utilise) oxygen from the circulation. In healthy subjects, the cardiac output increases linearly with oxygen uptake, such that for every 1 L/minincrease in oxygen uptake, cardiac output increases by about 5 to 6 L/min. 19 In order to increase the VO 2 , and therefore also VO 2peak , either the cardiac output or the arterialvenous oxygen difference must rise.
The gold standard for determining absolute VO 2peak in an individual is by metabolic measurement system analysis of O 2 and CO 2 concentrations in expired air at regular intervals and attainment of a plateau of VO 2 during increasing workloads. 20 However, in many subjects, including children, a plateau in VO 2 is not observed. 15 Several secondary parameters have therefore been established to determine VO 2peak without a VO 2 plateau. These parameters include: 21 a) subjective criteria: Signs of intense effort (unsteady walking, running or biking; sweating; facial flushing; clear unwillingness to continue despite encouragement) and b) objective criteria: HR peak >180/minute and/or RER peak >0.99. 22 Reported values of VO 2peak are approximately 38±7 ml/min/kg for 6-to 11-year-old healthy girls and 34±4 ml/kg/min for healthy girls >11 years. In healthy boys, a value of 42±6 ml/kg/min is found before the age of 13, and 50±8 ml/kg/min thereafter. 23 Because VO 2peak is strongly biased by body weight, it is usually expressed as VO 2peak per millilitre per minute per kilogram body mass. 20, 24 This procedure, however, underestimates the fitness of overweight and obese subjects. 25 Moreover, VO 2peak /kg body mass also underestimates the VO 2peak of taller subjects. 26 Therefore, several other fractional-power relationships have been suggested such as per kg 0.66, kg 0.75 or kg 0.87. 27, 28 Adjusting bodyweight according to these formulas allows a more accurate estimation of an individual's VO 2peak than when expressed as VO 2peak /kg; however, the optimal scaling power for children is unclear.
The mode of exercise testing and the age and gender of the subject determine oxygen uptake with exercise testing. In general, the highest oxygen uptake is achieved with the type of exercise that uses the greatest amount of muscle mass. In normal subjects, the highest VO 2peak is obtained with treadmill testing due to the quantity of the muscle mass involved, followed by bicycle testing. VO 2peak achieved by bicycle testing is reported to be 5 to 15% lower than with treadmill testing in normal subjects. 29, 30 Predicted VO 2peak in ml/kg/min estimated from arm exercise testing is 60 to 70% of leg exercise in normal subjects. The intraarterial blood pressure during arm exercise is higher than in leg exercise at given oxygen uptake or cardiac output and the submaximal HR is also higher. The consequence is a heavier load on the heart. 31 For completely untrained subjects, older subjects, or those whose cardiac status is unclear, this mode of exercise testing is not recommended. Normal females reach 65 to 75% of male VO 2peak . 24 The lower oxygen uptake capacity in women may be connected with their lower haemoglobin concentration and higher body fat content. Per kilogram lean body mass, VO 2peak is not significantly different between men and women.
Heart rate HR is mainly determined by both cardiac autonomic nervous activity and sinus nodal function. Dynamic change to some extent reflects the state of the cardiac autonomic nervous system. 32 HR peak normally increases with exercise, varying according to age and sex. Highly conditioned athletes may have a delayed increase in HR, while deconditioned persons or patients with cardiac dysfunction may have a more rapid than normal HR response. 1 The HR at rest and both submaximal and maximal exercise are higher in young subjects compared with adults. Although the HR at rest and the HR at a given workload progressively decreases as a child grows, HR peak does not change. HR at exhaustion in a progressive test remains stable for both boys and girls during the growing years, and does not begin to decline until about the age of 16 years. Consequently, formulae for estimating HR peak (e.g. 220 -age) are inappropriate for children and young adolescents. The maximal achievable HR during exhaustive exercise has been used extensively as a marker of exertion in normal children, 33 and depends on testing modality and protocol. During treadmill running the HR peak is typically 200 beats/min, whereas walking or cycling protocols Cardiopulmonary exercise testing in congenital heart disease: (contra)indications and interpretation Netherlands Heart Journal, Volume 17, Number 10, October 2009 usually elicit a HR peak of approximately 195 beats/min. However, it should be recognised that wide interindividual variability exists in such values, and HR peak of 185 to 225 beats/min are consistent with exhaustive exercise efforts in individual subjects, making adherence to rigorous criterion values unadvisable. The potential difficulties of using HR peak as an indicator of maximum exertion are made more acute in children with CHD. The HR response in this population varies considerably, depending on the particular defect, largely as a result of chronotropic incompetence. 33 Recently the use of HR recovery after maximal exercise has emerged. It has been described that attenuated HR recovery is a risk factor for cardiovascular disease in adults. 34 One-minute HR recovery after exercise is attenuated with age in children. It was found that children with higher BMI, particularly those who are overweight, and those with lower endurance capacity, have slower HR recovery. 34 Moreover, Singh et al. reported a significant improvement in HR recovery after maximal exercise in children with CHD following a 12-week cardiac rehabilitation programme. 35 
Cardiac output
Cardiac output is the product of HR and stroke volume (SV). Since maximal HR during childhood is independent of age and gender, maximal HR can be dismissed as a defining determinant of the increase of cardiac output with age in healthy children. The increase of cardiac output in healthy children is entirely due to maximal SV, which increases in parallel with growth of the left ventricle. 11 The maximal SV during exercise shows a clear difference between children and adults; children show a smaller SV during maximal exercise. 36 It is known that stroke volume rises progressively in the initial phase of upright exercise up to moderate submaximal intensities (± 40-50% of VO 2peak ) and then plateaus as exercise intensity increases. 31 The further increase in cardiac output with increasing exercise intensity is regulated by the HR. In children with a CHD, the cardiac output might be reduced by a reduction in HR peak and/or a reduction in SV (e.g. children with a Fontan type circulation or tetralogy of Fallot).
There are several acceptable noninvasive methods to measure cardiac output and SV in children: indirect Fick, acetylene rebreathing, electrical bioimpedance, and Doppler ultrasound. 37 
Oxygen (O 2 /HR) pulse
The O 2 pulse is the amount of oxygen consumed per heartbeat(O 2 /HR). A reduced submaximal oxygen pulse may indicate reduced oxygen extraction at the cellular level (reduced arteriovenous difference) or simply a lower SV (O 2 /HR= SV x (CaO 2 -CvO 2 ). Oxygen pulse has been used as an indicator for cardiac output assessment when testing children with CHD. 33 The O 2 pulse has a decreased rise during exercise in conditions that reduce SV or that decrease arterial oxygen content, such as anaemia or hypoxaemia. 1 Oxygen uptake efficiency slope The oxygen uptake efficiency slope (OUES) represents the rate of increase of VO 2 in response to a given VE during incremental exercise, indicating how effectively oxygen is extracted and taken into the body. 38 OUES was originally developed by Baba et al. for children with CHD. 39 OUES is determined from the linear relation of VO 2 (y-axis) vs. the logarithm of minute ventilation (VE) (x-axis) during exercise, i.e. VO 2 = a log 10 VE + b, where a is the OUES and b is the intercept. 38 The logarithmic transformation of VE is aimed at linearising the otherwise curvilinear relation of VO 2 vs. VE, so making the OUES theoretically independent of the patient-achieved effort level.
OUES is influenced by both the metabolic acidosis and the physiological pulmonary dead space. 39 The OUES is a variable that indicates the status of both systemic and pulmonary perfusion, and which explains the high correlation with VO 2peak . The advantage of the OUES is that it can be calculated from submaximal exercise test data and is therefore effort-independent. 39 In healthy children the OUES increases from 1132±149 ml/min/logL in 7-year-old subjects to 2726±602 ml/min/logL in 18-year-old subjects, which shows that the results are influenced by development in children. 40 Work efficiency Work efficiency (∆VO 2 /∆WR) is a measure of the metabolic cost of performing external work. ∆VO 2 /∆WR is calculated using the slope of the relationship between oxygen uptake and work rate during incremental exercise. The ∆VO 2 /∆WR slope has remarkable linearity and is explained by the rigid physiological coupling of these parameters, especially below the ventilatory threshold (VT). In healthy subjects the relationship remains linear above the VT, while in children with CHD the relationship can be lowered above the VT, due to reduced oxygen delivery to working muscle. 41 Paradoxically, a lower slope might be taken to indicate better work efficiency; however a shallow slope is considered abnormal.
In adults the ∆VO 2 /∆WR is frequently reported, 42 and a normal value of 10.3±1 ml O 2 /Watt is reported for healthy subjects. 43 In children, however, less data are available. In children with a coarctation of the aorta, a significantly reduced value is reported compared with healthy subjects. 44 Blood oxygen saturation An important parameter to measure in children with CHD during exercise is arterial blood oxygen saturation (SaO 2 %). Using a transcutaneous saturation measurement, SaO 2 % can be estimated noninvasively. This value gives an estimate of the arterial and venous blood mixing in the heart. CHD with a right-to-left shunt in the heart (e.g. tetralogy of Fallot) are causing reduced SaO 2 % at rest but sometimes further decreasing during maximal exercise. Usually a drop in SaO 2 % of >4% during exercise is considered abnormal.
Blood pressure response
Blood pressures at rest and during exercise are lower in children compared with adults. 46 At maximal exercise, a child with a body surface area (BSA) of 1.25 m 2 demonstrates a systolic blood pressure of about 140 mmHg, whereas 160 mmHg is expected in a subject with a BSA of 1.75 m 2 .
Maintaining proper perfusion pressure is a crucial and major role of the circulation. Several mechanisms are needed during exercise, or in the setting of the failing heart, to maintain adequate pressures of perfusion. 32 Systolic blood pressure should show a progressive increase during exercise and a progressive decline after exercise. A decrease in systolic pressure or a failure to increase systolic pressure is abnormal and may indicate clinically significant left ventricular dysfunction.
1 Diastolic blood pressure should remain stable or decrease with exercise. 1 The level of pressure maintained by arterial baroreflex mechanisms is set at a higher level during exercise. The rapid increase in HR following withdrawal of parasympathetic nervous activity is a major means of attaining adequate cardiac output to achieve the initial target for arterial blood pressure at the beginning of exercise, while metabolic reflexes from working muscle and vasoconstrictive mechanisms are additional stimuli involved in achieving higher arterial blood pressure during moderate to severe exercise. 47 An impaired response in terms of the level of blood pressure, therefore, indicates an abnormal function of these regulators.
Ventilatory indexes

Respiratory exchange ratio
The respiratory exchange ratio (RER) is a useful variable, both as a marker of effort and as an indicator of the contribution of anaerobic metabolism. 33 RER is the ratio of CO 2 exhaled to the O 2 uptake per unit time. It is usually around 0.7-0.8 at rest. RER reflects both tissue level exchange of gasses (measured by the respiratory quotient or RQ) and transient changes in O 2 and CO 2 .
1 For normal children, RER values at VO 2peak reported during cycle ergometry generally range from 1.0 to 1.10. 48 
Ventilatory threshold
The ventilatory threshold (VT) has traditionally been considered to be the point at which oxygen supply no longer meets the oxygen demands of the working muscle and the increasing contribution from anaerobic metabolism is reflected by a rapidly rising blood lactate level. 33 The VT is the level of oxygen uptake above which anaerobic metabolism supplements aerobic energy consumption. This is characterised by an increase in CO 2 production above that of aerobic metabolism. Graphically this appears as an abrupt increase in the slope of CO 2 production during exercise. 1 Usually, the VT occurs at an exercise intensity between 40 and 70% of VO 2peak in healthy children. 23 A variety of gas exchange criteria have been used, including an abrupt increase in ventilation (V E ), in ventilatory equivalent for oxygen (V E /VO 2 ), in the RER or the end-tidal pressure of oxygen (P ET O 2 ). These increases must be accompanied by a lack of increase in the ventilatory equivalent for carbon dioxide (V E /VCO 2 ) or the endtidal pressure of carbon dioxide (P ET CO 2 ). 33 Reybrouck et al. found that, irrespective of the type of heart defect, the VT was always below the normal value in children with CHD. 49 The lowest values were recorded in patients after the Fontan operation (62±10% of the normal value). 49 
Ventilatory equivalents
The ventilatory equivalent for oxygen (V E /VO 2 ) is the amount of ventilation needed for the uptake of a given amount of oxygen. It is an index of ventilatory efficiency and is increased in patients with congestive heart failure due to an increase in physiological dead space (large ventilation/perfusion mismatch).
The ventilatory equivalent for carbon dioxide (V E /VCO 2 ) is the amount of ventilation needed for the elimination of a given amount of carbon dioxide produced by the metabolising tissues. It reflects dead space ventilation, CO 2 production , and PCO 2, and is higher than normal in heart failure. 1 Algorithm for interpretation A tool facilitating the interpretation of the CPET data is the algorithm as described by Eschenbacher and Mannina. 45 This algorithm uses cut-off points regarding standard outcomes from exercise testing to make a distinction between cardiac, pulmonary or 'other' limitations such as deconditioning or musculoskeletal limitations to explain maximal exercise capacity. The following parameters are used in the algorithm: VO 2peak , VCO 2peak , VE peak , VE peak /VO 2peak , VE peak /VCO 2peak , HR response (HRR; = (HR peak -HR rest )/VO 2peak -VO 2rest ), and ventilatory threshold (VT) as percentage of predicted VO 2peak . The interpretation of the algorithm can be found in figure 1 and in table 3 .
We have modified the cut-off values for adults with values for healthy children. 50 These results are displayed in table 4. Although, the algorithm needs further validation in children, it can be helpful for the interpretation of CPET data in children with CHD.
Conclusion
In this article we have reviewed the main indications for cardiopulmonary exercise testing in children with congenital heart disease, the contraindications for exercise testing and the indications for terminating an exercise test. Moreover, we have addressed the interpretation of gas exchange data from cardiopulmonary exercise testing in children with congenital heart disease. The growing body of research information surrounding these issues has identified a number of biological responses to exercise that are unique to physically immature individuals. These have provided evidence that, physiologically, children are not simply small adults. It is important that these features be considered when performing clinical exercise testing in children as well as while designing exercise programmes for young subjects. Values for children from De Groot et al. 50 
